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Abstract 
The EDM process, which was generally accepted as a thermal process, was significantly affected by the characteristic of the heat 
flux of the EDM plasma. Different type of heat sources have been proposed by many researchers to investigate the EDM process by 
simulating the temperature distribution in the electrodes based on the thermo physical models. However, there exists a great 
difference between different types of heat sources. In this paper, a new method of investigation the characteristic of EDM plasma 
was proposed. The heat flux of the plasma was investigated by comparing the boundary of the melted material in the crater which 
was obtained by metallographic method and the isothermal surface of the thermal-physical model calculated by finite element 
method (FEM). The results indicated that the Gauss heat source was much more consistent with the actual EDM process compared 
with the other heat source type, such as point heat source, circular heat source. The data proposed in this paper can be further used 
in the existing thermo physical models, expecting to bring the models preciously more close to the actual case. 
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1. Introduction 
Electrical discharge machining (EDM), which was 
generally accepted as a thermal process, is now widely 
used to manufacture some hard-to-cut material in the 
industry application. Almost seventy years passed since 
the innovation of the of EDM technology, however 
investigations are still going on to further improve the 
performance of this process by clarify the basic physical 
processes involved during the process. A number of 
simplified thermo-mathematical models based on the 
equations of heat conduction have been proposed to 
simulate the thermal process [1-5]. Review of the 
literatures showed that many researchers have estimated 
or predicted the material removal rate [6] (erosion of 
workpiece per unit time), residual thermal stress [7-8] 
thickness of the recast layer and surface roughness [9] 
based on the simulation results of single discharge 
models.  
Discharge craters 
discharge and its analysis makes it possible to identify 
many discharge features and some fundamental insight 
into the EDM process. Numerous investigations [4-7], 
[10-12] have been carried out by simulated the geometry 
of the crater based on electric thermal model by using 
different heat source. Review of resent literature [2, 11] 
showed that the Gaussian heat source was generally 
accepted and used. Joshi and Pande [2] simulated the 
shape of the crater by using Gaussian heat source with 
expanding diameter. In their simulation model, the 
energy distributed into the workpiece was assumed to be 
18.3%. They reported that their model was found to 
predict the material removal rate closer to the 
experimental results. However, in their model, we 
noticed that the removal efficiency, the ratio of removal 
volume per pulse with respect to the total molten 
volume, was assumed to be 100%, which mean the 
melted material was completely removed from the 
workpiece and no deposition of recast layer on the 
machined surface. The same assumption was also made 
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in the simulated model of Yeo [1], Salonitis et al [6], 
Kansal et al [10], Joshi and Pande [11], and Allen and 
Chen [12]. Apparently, this assumption was not in 
consistent with the actual case. Results of our current 
experiments and the results reported by Van Dijck [13], 
and Yang et al [14] showed that the removal efficiency 
was very low and no more than 15%. Most of the melted 
material was deposited on the machined surface instead 
of removed; especially when the power density was 
lower. Zahiruddin and Kunieda [15] studied and 
compared the removal efficiency between micro and 
macro EDM. They found that the removal efficiency of 
micro EDM was much higher than macro EDM due to 
the much higher power density. Even so, the removal of 
removal efficiency of micro EDM reported by 
Zahiruddin and Kunieda [15] was no more than 20%. In 
the simulated model presented in literature [1-3], [10-
12], the energy distribution ratio into workpiece was 
much smaller than that reported by Van Dijck [13], 
Hayakawa et al. [16] and Xia et al. [17].  
We think that it was more accurate to build the 
thermal physical model by taking into consideration the 
volume of recast material since it account for the major 
proportion of the total melted material. In this paper, the 
geometry of the crater, including the recast material, was 
experimentally determined by metallographic method. 
The characteristics of the heat flux of EDM plasma was 
investigated by comparing the isothermal surface of the 
thermal-physical model using finite element method 
(FEM) with the boundary of the melted material. First 
the boundary of the re-solidified material in the crater 
were determined by metallographic method; then the 
boundary of the melted material was calculated by the 
thermal-physical model using finite element method by 
assuming an type of heat flux, energy distributed ratio 
and heat flux diameter (i.e. plasma diameter). The 
calculation will be repeated until the calculated 
boundary coincides with the measured. The influence of 
the type of heat source, such as point heat source, 
circular heat source and the generally accepted Gaussian 
heat source was investigated.  
2. Experimental and Simulation 
2.1. Experimental 
The single pulse waveform was generated by 
controlling the make-and-break of an IGBT 
(SGL160N60UFD) by a singlechip (89C52RC). The 
total discharge energy was calculated based on the 
waveform of voltage and current recorded by an 
oscilloscope. The workpiece material was mold steel 
8407. Copper needle shape electrode was used. After the 
single pulse discharge, the sample were cut and 
embedded in epoxy. The section view of the crater was 
obtained by a metallurgical microscope (Nikon 
EclipseME600P; Nikon, Melville,NY) after polished and 
etched with nital. Clear profile of the recast area which 
was used to rebuild the 3D model of the crater can be 
observed after etched. For every crater, about 15~20 
section images were captured. The appearances of the 
craters were rebuilt with the help of 3D-CAD software 
(Solidworks). 
2.2. Simulation 
The primary mechanism of material removal in EDM 
process is the thermal heating of work surface due to 
intense heat generated by the plasma, which raises the 
temperature of the electrodes (tool, work) beyond their 
melting point, sometimes even the boiling point. For the 
thermal analysis of the process, conduction is thus 
considered as the primary mode of heat transfer between 
the ions of plasma and the molecules of workpiece. Fig. 
1 shows the two-dimensional axi-symmetric process 
continuum and the associated boundary conditions taken 
for the analysis. Circular, point and Gaussian heat source 
were applied on the workpiece, respectively, with the 
aiming of investigation the heat flux in the discharge 
plasma. 
In order to make the problem mathematically 
available, the following assumptions were made: 
 Workpiece materials are homogeneous and isotropic 
in nature 
 The material properties of the workpiece and tool are 
temperature dependent 
 During the EDM operation, heat is transferred from 
plasma to workpiece only by conduction 
 EDM spark channel is considered as a cylindrical 
column 
 
 
Fig. 1. Illustration of the boundary condition. 
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Beside the type of heat source, plasma diameter was 
another important factor that can significantly affected 
the simulated results. Even with the same discharge 
energy and heat source, the simulated result varies a lot 
with different plasma diameter. Therefore, the influence 
of plasma diameter was also researched in our work.  
If the radius of the heat source assumed to have a 
finite value then heat source is considered as circular 
heat source. The heat flux of circular heat source was 
given as [3] 
2
F UIcq
Rpc
                                                      (1) 
where q  is the heat flux (W/m2), U  is the discharge 
voltage (V), I  is the discharge current (A), Fc is the 
fraction of energy transferred to the workpiece, Rpc  is 
the radius of the heat source  
For point heat source, the heat flux was given as [3] 
22
cF UIq
r
                                                    (2) 
Where r  is the radial distance from the origin (m). 
For Gauss, the heat flux was given as [2-3], [10] 
2
2
4.57( ) exp( 4.5( ) )c
pc pc
FUI rq r
R R       (3) 
In our research, the generally accepted Fourier heat 
conduction equation was used as the governing equation.  
2 2
2 2
1 1T T T T
r r R Z t
                   (4) 
where T  is the temperature (K), Z  is the vertical 
axis (m), t  is time (s), and  is thermal diffusivity of 
the material (m2/s) which can be written as: 
t
P
K
C
                                                    (5) 
where tK  is the thermal conductivity of the material 
(J/mK s),  is the material density (kg/m3) and PC  is 
the specific heat (J/kg K).  
In this work, the melting heat was taken into 
consideration by re-modified the thermal diffusivity 
presented in the Fourier heat conduction equation. 
( / )
t
P m m
K'
C L T
                             (6) 
where mL  is the heat of fusion [J/kg], mT  is the 
melting temperature (K) . 
3. Results and discussion 
The sectional and 3 dimensional appearances of the 
craters in our experiments are shown in Fig. 2a and Fig. 
2b, respectively. The geometry of the crater, such as 
diameter of melted material, meltd , depth of melted 
material, melth , volume of removed material (debris), 
V , volume of melted material, sV , can be determined. 
The discharge condition and the geometry parameter of 
the craters are listed in Table 1. As can be seen from Fig. 
2, most of the material was re-solidified in the crater 
instead of removed. The removal efficiency was very 
small, no more than 2% in our experiments. 
 
 
Fig. 2. (a), sectional appearances of the crater; (b), three dimensional 
appearances of the crater. 
With different heat source, the simulated results are 
shown in Fig. 3, Fig. 4 and Fig. 5. As can be seen from 
Fig. 3, Fig. 4 and Fig. 5, the typical appearance of the 
molten area exhibits a great difference with different 
heat source. With the circular heat source, the molten 
area exhibits a flat appearance (Fig. 3). The molten area 
increase with increasing fraction of energy transferred to 
the workpiece. Apparently, the flat appearance was not 
consistent with the experiments results showed in Fig. 2. 
The simulated results of point heat source are shown 
in Fig. 4. The simulated results showed a huge 
difference from the experiments results. Even with low 
value of cF , the melted volume was much larger than 
the experiments results that showed in Table 1. 
Furthermore, the maximum simulated temperature was 
extremely high and apparently unrealistic in nature. This 
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may be due to the extremely high power density at the 
origin. As can be seen from Eq (2), the power density 
was infinite at the origin.  
Table 1. The experiments parameters and results. 
Pulse 
duration 
( s) 
Polarity  dielectric Open 
voltage 
(V) 
Discharge 
voltage 
(V) 
Discharge 
current 
(A) 
105  
 
Positive Deionized 
water 
192 28 14 
Radius 
of 
crater 
( m) 
Depth 
of 
crater 
( m) 
Volume 
of 
removed 
material 
( m3) 
volume of melted material 
( m3) 
130  49 0.85×104  5.7×105  
 
The simulated results of Gaussion heat source are 
shown in Fig. 5. The geometry of the molten area was 
very close with the experiment results. This indicated 
that the Gaussian distribution well characterized the 
density distribution in the plasma channel. The simulated 
results of radius, depth and volume, When 0.44cF  
and 0.2pcR mm, was 132 m and 48 m, 
respectively, which were very close to the experiments 
results listed in Table 1. Furthermore, the simulated 
boundary was consistent with the experimentally 
measured boundary showed in Fig. 2. 
 
 
Fig. 3. The simulated boundary of the molten material with circular 
heat source; the SMX mean the maximum temperature in the model. 
All the temperature in this paper was expressed in Celcius. 
The results of our work were consistent with the 
reports of Van Dijck [13], Hayakawa et al. [16] and Xia 
et al. [17] who reported that the energy distributed into 
workpiece was nearly 50%. The energy distributed ratio 
to anode and cathode reported by Xia et al [17] was 
about 40% and 25%, respectively. Van Dijck [13] also 
indicated that more than 90% of the heat is conducted 
into the electrodes. Based on the magnetohydrodynamics 
analysis of the steady state arc, Hayakawa et al. [16] 
found that almost all the discharge power is conducted 
into the electrodes and the heat dissipated by convection 
and radiation is negligible. The results showed that 
Gaussian heat source was more consistent with the 
actual EDM case. 
 
 
Fig. 4. The simulated boundary of the molten material with point heat 
source. 
It should be noted that, in the case of circular heat 
source and Gaussian heat source, the maximum 
simulated temperature was lower than the melting point 
of the material when 0.1cF , that means no material 
was melted. This may be due to the low power density of 
heat flux. In the above simulation, the value of pcR was 
kept constant. This was not consistent with the actual 
case. It was extensively believed that the plasma 
diameter undergoes an expanding process. In the 
following simulation, the expanding process was taken 
into consideration. The expanding of the plasma 
diameter was implemented using the following equation: 
n
pc eR Kt                                                     (7) 
where K  and n  are coefficients.  
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Fig. 5. The simulated boundary of the molten material with Gaussian 
heat source. 
 
Fig. 6. Comparison of the evolution of the melted material with 
constant and expanding plasma diameter. 
With Gaussian heat source, Fig. 6 compares the 
evolution of the melted area with constant plasma 
diameter and with expanding plasma diameter. As can 
be seen from Fig. 6, the simulated melted area was 
similar with the experimental results at the end of 
discharge in both cases. However, at the early stage of 
the discharge, the depth of the simulated melted area was 
much smaller than the experimental results. The results 
indicated that it was more realistic and consistent with 
the actual case by taking account the expanding of the 
plasma during the discharge. 
It should be noted that the energy distributed ratio 
into workpiece obtained in our work, 44%, was much 
higher than that in the model of Joshi and Pande [2] who 
assumed that the material removal efficiency was 100%. 
In the model of Joshi and Pande [2], the energy 
distributed ratio distributed into workpiece was assumed 
to be 18.3%. We think that it is not appropriate and not 
reasonable to predict MRR based on the thermal 
physical model in which the removal efficiency was 
assumed to be 100%. If the removal efficiency was 
assumed to be, for instance 1~10%, which was more 
consistent with the actual case, the predicted MRR 
would be much closer to its actual value if relative 
higher energy distribution ratio, for instance 40%, was 
assumed. 
4. Conclusion 
In this paper, the heat flux characteristic in the EDM 
plasma was investigated by comparing the boundary of 
the molten material obtained by metallographic method 
and the isothermal surface of the thermal-physical model 
calculated by finite element method (FEM). The results 
indicated that, compared with the point heat source and 
circular heat source, the Gaussian heat source was more 
consistent with the actual EDM case. With the Gaussian 
heat source, the simulated results can be very close to 
the experiment results. The results also indicated that the 
energy distributed ratio into workpiece was nearly 50%. 
The results of our work indicated that it was more 
realistic by taking account of the actual removal 
efficiency when predict the material removal rate based 
on the temperature distribution of the thermal modal.  
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